Electrical compensation and cation vacancies in Al rich Si-doped AlGaN by Prozheev, I. et al.
Appl. Phys. Lett. 117, 142103 (2020); https://doi.org/10.1063/5.0016494 117, 142103
© 2020 Author(s).
Electrical compensation and cation
vacancies in Al rich Si-doped AlGaN
Cite as: Appl. Phys. Lett. 117, 142103 (2020); https://doi.org/10.1063/5.0016494
Submitted: 04 June 2020 . Accepted: 19 September 2020 . Published Online: 06 October 2020
I. Prozheev , F. Mehnke , T. Wernicke , M. Kneissl , and F. Tuomisto 
COLLECTIONS
Paper published as part of the special topic on Ultrawide Bandgap Semiconductors
ARTICLES YOU MAY BE INTERESTED IN
N-polar GaN/AlN resonant tunneling diodes
Applied Physics Letters 117, 143501 (2020); https://doi.org/10.1063/5.0022143
Milliwatt power 233 nm AlGaN-based deep UV-LEDs on sapphire substrates
Applied Physics Letters 117, 111102 (2020); https://doi.org/10.1063/5.0015263
Complexes and compensation in degenerately donor doped GaN
Applied Physics Letters 117, 102109 (2020); https://doi.org/10.1063/5.0013988
Electrical compensation and cation vacancies in Al
rich Si-doped AlGaN
Cite as: Appl. Phys. Lett. 117, 142103 (2020); doi: 10.1063/5.0016494
Submitted: 4 June 2020 . Accepted: 19 September 2020 .
Published Online: 6 October 2020
I. Prozheev,1,2,a) F. Mehnke,3,4 T. Wernicke,4 M. Kneissl,4 and F. Tuomisto1,2
AFFILIATIONS
1Department of Physics and Helsinki Institute of Physics, University of Helsinki, P.O. Box 43, FI-00014 Helsinki, Finland
2Department of Applied Physics, Aalto University, P.O. Box 15100, FI-00076 Espoo, Finland
3School of Electrical and Computer Engineering, Georgia Institute of Technology, 777 Atlantic Drive, Atlanta, Georgia 30332, USA
4Institute of Solid State Physics, Technische Universit€at Berlin, Hardenbergstr. 36, EW 6-1, 10623 Berlin, Germany
Note: This paper is part of the Special Topic on Ultrawide Bandgap Semiconductors.
a)Author to whom correspondence should be addressed: igor.prozheev@helsinki.fi
ABSTRACT
We report positron annihilation results on vacancy defects in Si-doped Al0.90Ga0.10N alloys grown by metalorganic vapor phase epitaxy. By
combining room temperature and temperature-dependent Doppler broadening measurements, we identify negatively charged in-grown cat-
ion vacancies in the concentration range from below 1 1016 cm3 to 2 1018 cm3 in samples with a high C content, strongly correlated
with the Si doping level in the samples ranging from 1 1017 cm3 to 7 1018 cm3. On the other hand, we find predominantly neutral
cation vacancies with concentrations above 5 1018 cm3 in samples with a low C content. The cation vacancies are important as compen-
sating centers only in material with a high C content at high Si doping levels.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0016494
AlGaN alloys are semiconductor materials essential for the devel-
opment of deep ultraviolet (UV) light emitting diodes (LEDs) and
laser diodes (LDs). Such devices are highly demanded in a wide range
of applications, including gas sensing, medical diagnostics, UV-light
treatment, and detection and identification in biophysics.1 The main
advantages of AlGaN-based devices over conventional UV sources,
such as mercury lamps, are lower operating voltages, compact size,
and adjustable emission wavelengths.2 The performance of devices
based on AlGaN alloys emitting light shorter than 240nm suffers
from limited n-type conductivity of the Si-doped current spreading
layers due to the high Al content >80%.3,4 The conductivity is limited
not only by the increasing dopant ionization energy and formation of
a stable DX center5,6 but potentially also by the formation of cation
vacancy defects7 VIII that are known to act as compensating acceptors
in n-type GaN and AlN.8–11 These defects can be identified and quan-
tified with the use of positron annihilation spectroscopy, a characteri-
zation technique with selective sensitivity to neutral and negative
vacancy type defects as well as negatively charged non-open volume
defects.12
In this Letter, we investigate the influence of growth conditions
of Si-doped Al0.90Ga0.10N alloys grown by metalorganic vapor phase
epitaxy (MOVPE) on the occurrence of compensating point defects
such as C impurities and cation vacancies. We find that C impurities
are the dominant compensation mechanism for Si concentrations up
to 5 1018 cm3. Depending on the growth conditions, at a higher Si
concentration, either negatively charged cation vacancies or Si DX
centers emerge as the important compensation mechanism of the
n-type doping. These conclusions are based on positron annihilation
spectroscopy studies, combining room-temperature and temperature-
dependent Doppler broadening measurements on a set of 10 Si-doped
Al0.90Ga0.10N samples. Based on our findings, it would appear that the
highest n-type conductivity could be achieved by optimizing the Si
doping level at mid-1018 cm3 and the growth conditions with a high
V/III ratio, low growth rate, and low C content, resulting in electrically
inactive cation vacancy defects.
The samples were grown by MOVPE in an Aixtron 3 2 in:2
close-coupled showerhead reactor on [0001] oriented epitaxially later-
ally overgrown (ELO) AlN/sapphire with a miscut of 0.1 towards the
[1–100] sapphire direction. The TDD of the ELO AlN/sapphire is
1:5 109 cm2.13,14 The layer structure consists of a 400nm thick
AlN buffer layer, a 25 nm thick AlN to Al0.90Ga0.10N graded transition
layer, 100 nm undoped Al0.90Ga0.10N, and 980nm to 1400nm Si-
doped Al0.90Ga0.10N.
15 The composition of the samples was deter-
mined under consideration of the layer strain state by high resolution
Appl. Phys. Lett. 117, 142103 (2020); doi: 10.1063/5.0016494 117, 142103-1
Published under license by AIP Publishing
Applied Physics Letters ARTICLE scitation.org/journal/apl
x-ray diffractometry (HR-XRD) measuring reciprocal space maps
near the (10–15) AlN reflex.16,17 The resistivity of the samples was
determined by contactless (eddy current) resistivity measurements in a
Delcom system. Impurity concentrations (Si, C, O, and H) have been
determined by secondary ion mass spectrometry (SIMS) by Evans
Analytical group (the notation [] is used in this paper to denote the
concentration obtained from SIMS).
The sample details are given in Table I. The sample series H1–5
(H for the high C content and high growth rate) was grown at 1070 C
at a reactor pressure of 50 mbar, a total flow of 8 slm, a TMAl (trime-
thyl aluminum) partial pressure of 4.3Pa, a TMGa (trimethyl gallium)
partial pressure of 0.5 Pa, and a NH3 partial pressure of 940Pa with H
as the carrier gas. This results in a V/III ratio of 200 and a growth rate
of 11.5lm/h. The SiH4/III ratio is varied between 6:3 105 and
4:0 104, resulting in Si concentrations between 1:1 1018 cm3
and 7 1018 cm3. The sample series L1–L5 (L for the low C content
and low growth rate) is grown at 1070 C at a reactor pressure of
200mbar, a total flow of 8 slm H, a TMAl partial pressure of 4.9Pa, a
TMGa partial pressure of 0.35 Pa, and a NH3 partial pressure of
3750Pa. This results in a V/III ratio of 700 and a growth rate of
1.6lm/h. The SiH4/III ratio is varied between 2:9 105 and
2:8 104, resulting in a Si concentration between 9 1017 cm3
and 1:2 1019 cm3.
We recorded the Doppler broadening of the positron–electron
annihilation radiation with a variable-energy positron beam equipped
with high purity germanium (HPGe) detectors with an energy resolu-
tion of 1.25 keV. Typically, 106 counts were collected to the 511 keV
annihilation line. Conventional S and W parameters were determined
at room temperature in all the samples and at 300 600K in selected
samples. The S parameter is defined as the fraction of counts around
the< 0.96 keV-wide (0.4 a.u.) central region of the peak. The W
parameter is the fraction of counts in the tail of the peak in the energy
range of 6ð3:00 7:60 keVÞ (1.6–4.0 a.u.) from the center. For a
detailed description of positron annihilation experiments and data
analysis, the reader is referred to Refs. 12, 18, and 19.
Figure 1 shows the S parameter as a function of positron implan-
tation energy and corresponding mean implantation depth in selected
MOVPE Si-doped AlGaN samples measured at room temperature.
The characteristic S parameter of the Mg-doped GaN reference where
positrons only annihilate in the free state in the lattice is marked with
the dashed line.20 The S parameter decreases from its initial surface
value at low energies of 0 4 keV with increasing energy to the value
of the Si-doped Al0.90Ga0.10N layer, where it is almost constant in the
range of 6 15 keV. This spread of energies corresponds to the thick-
nesses of the layers. At energies above 15 keV, the S parameter gradu-
ally approaches the substrate specific value. The inset in Fig. 1
demonstrates the characteristic annihilation S parameter of the layer
region as a function of measurement temperature in the selected sam-
ples. The W parameter (not shown) behaves in a similar but mirror-
like manner.
TABLE I. The measured resistivity q and concentrations of Si, H, oxygen, and C impurities together with the estimated concentrations of the VIII vacancies in the AlGaN:Si
samples.
Sample q, X cm [Si], 1017 cm3 [H], 1017 cm3 [O], 1017 cm3 [C] 1017 cm3 [VIII], 1017 cm3
H1 >13.4 11 5 3 20 <0.1
H2 6.63 21 5 3 20 2
H3 1.90 35 5 3 20 6
H4 0.99 54 5 3 20 10
H5 0.61 70 5 3 20 20
L1 0.70 9 2 2 2 >50
L2 0.54 24 2 2 2 >50
L3 0.69 50 2 2 2 >50
L4 1.35 85 2 2 2 >50
L5 10.82 120 2 2 2 >50
FIG. 1. The S parameter as a function of positron implantation energy and corre-
sponding mean implantation depth in selected MOVPE Si-doped AlGaN alloys
measured at room temperature. The characteristic S parameter of the Mg-doped
GaN reference20 is marked with the dashed line. Inset: the characteristic S parame-
ter of the layer region as a function of measurement temperature in selected sam-
ples. The dashed lines are guides to the eye.
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Figure 2 shows the (S, W) parameters characterizing all the
AlGaN layers, obtained by averaging over the parameter values in the
6 15 keV range (exact range chosen separately for each sample due
to the different layer thicknesses). In the so-called S–W plot, different
annihilation states are characterized by specific points in the S–W
plane. In the case of two competing states, e.g., the lattice state and the
trapped state at a Ga vacancy in GaN, the S–W data form a straight
line for a set of samples where the relative amounts of these annihila-
tion states change from sample to sample. The data are shown as nor-
malized by the value obtained in the GaN reference sample.
Characteristic points representing the GaN lattice, AlN lattice, VA1 in
AlN, and the typical in-grown Ga vacancies in GaN (denoted by VGa-
X) are also shown.10,20,21 All the measured (S, W) data fall inside the
area defined by these four points. This suggests that the data measured
in the AlGaN samples can be analyzed as the AlGaN alloy and corre-
sponding cation vacancy defects. The fact that the (S, W) data mea-
sured in samples H1–H5 and L1–L3 form a straight line indicates that
these eight samples contain two (and only two) distinct states in which
the positrons annihilate. At the left end, the (S, W) data fall close to
the line connecting GaN and AlN lattice values. We, hence, interpret
the sample H1 (S¼ 1.02, W¼ 0.80) to represent the AlGaN alloy lat-
tice in this sample set. At the right end of the line, samples L1–L3 are
clustered, close to the line connecting VGa-X in GaN and VA1 in AlN.
These data are interpreted as saturation of positron trapping at the
group III (cation) vacancy defects (VIII) present in most of the AlGaN
samples studied in this work. Note that there is a trend-like shift of the
(S, W) parameters towards the vacancy-like data in the H series sam-
ples, indicating an increase in the cation vacancy concentration with
increasing Si doping. This trend is similar to what has been observed
previously in Si-doped AlGaN with 60% Al,22 while generally from the
point of view of electrical compensation, Si doping has not been found
to induce high concentrations of cation vacancies in GaN or AlGaN
up to 65% Al content.20,22–26
It is known that in GaN,8,27 and particularly in AlN,10 negative
non-open volume defects (negative ions) can effectively trap positrons
also at room temperature due the relatively high binding energy of this
shallow trap. Trapping at these negative ions produces (S,W) parame-
ters of the lattice and limits the effect of the trapping to cation vacan-
cies on the annihilation parameters. At elevated temperatures,
positrons escape the negative ion-induced traps. Hence, in order to
reliably estimate the VIII concentrations, we measured the (S, W)
parameters in selected samples also in the temperature range of
300 600K at a positron implantation energy of 6 keV. The results of
the temperature-dependent Doppler broadening measurements are
shown in the inset of Fig. 1 and in Fig. 2 (small markers with tempera-
ture as the running parameter; arrows show the trend with increasing
temperature). There is essentially no change in the (S, W) parameters
in samples H1 and L3, which agrees with H1 representing the AlGaN
lattice and L3 representing the saturation trapping to AlGaN-specific
VIII. In sample H5, the (S,W) parameters move towards this VIII point
with increasing temperature, saturating at 500K. This is a clear sign of
the presence of negative ions in concentrations comparable to the
vacancies in sample H5.
The concentrations of the cation vacancies and negative ion type
defects in the studied samples can be estimated from the dependence
of the S (W) parameter on the trapping rates to these defects. The















where sB and SB are the positron lifetime and S parameter characteriz-
ing the AlGaN lattice, respectively, SD;i and jD;i are the defect-
characteristic S parameter and trapping rate, and the sum is taken over
all the defects detected with positrons. Negative ions produce the same
annihilation parameters as the lattice, and we assume that the AlGaN
lattice has a free positron lifetime close to those of GaN and AlN and
assign sB ¼ 160 ps.8,10 The trapping rate jD of a positron at a defect D
is proportional to its concentration cD as jD ¼ lDcD, where lD is the
trapping coefficient at this defect.18,19 For a negatively charged vacancy
in nitrides, the trapping coefficient at 300K is lD ¼ 3 1015 s1 and
exhibits a T1=2 dependence on the temperature.12 Hence, an increase
in the trapping rate with decreasing temperature is an experimental
fingerprint of a negative vacancy. The trapping coefficient at negative
ions lion is the same as for negative vacancies, but the positrons can
escape the shallow trap created by the negative ion at elevated temper-
atures. In AlN, the binding energy to negative ions has been observed
to be more than 150meV, making the escape efficient only at tempera-
tures above 300K.10
The temperature-dependent data obtained in sample H5, ana-
lyzed with Eq. (1), correspond to a negative cation vacancy concentra-
tion of 2 1018 cm3 and a negative ion concentration of
1 2 1018 cm3. This coincides with the C content in the H series
(see Table I), allowing us to conclude that C is in the negative (accep-
tor) charge state. Assuming this holds for the whole series H1–H5, we
can estimate the negative cation vacancy concentrations [VIII] in all
FIG. 2. Relative S and W parameters measured in MOVPE Si-doped AlGaN alloys.
Big open circles mark the values for the bulk GaN, bulk AlN, and VA1 in AlN,
respectively. The dashed oval marks the region of the (S, W) parameters for in-
grown VGa complexed with H and O impurities or VN in GaN. Room temperature
data have larger markers and error bars. Temperature-dependent data are shown
with markers of smaller size; the error bars are omitted to simplify the visual
appearance to the reader. Arrows indicate the trend of changing annihilation param-
eters as a response to increasing temperature from 300 K to 600 K. The dashed
lines connect the bulk and vacancy points in GaN and AlN, while the dotted and
dashed-dotted lines illustrate the trends in the AlGaN data.
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the H series samples from the combined temperature-dependent and
room-temperature data as ranging from <1 1016 cm3 (H1) to
2 1018 cm3 (H5). All the estimated values are shown in Table I.
The lack of the temperature dependence of the (S, W) parameters in
sample L3 is consistent with the C content being 10 times lower than
in the H series and with the saturation trapping of positrons at cation
vacancy defects. Together, these allow us to estimate that [VIII]
 5 1018 cm3 in samples L1–L3 (and L4). Sample L5 is a clear out-
lier in the whole set, and the (S, W) parameters at room temperature
are very close to the AlN point and shift with increasing temperature
all the way to the VA1 point.
Following the results listed in Table I, the role of the cation
vacancies in the electrical compensation of the n-type doping strongly
depends on the growth conditions and impurity content of the sam-
ples. For the H series with a high C content (2 1018 cm3), [VIII]
< [C] at Si doping levels below 5 1018 cm3. Even as the cation
vacancies are negatively charged in the H series samples, any electrical
compensation is dominated by C acting as the acceptor, resulting in
high resistivity in samples H1–H3 as [Si] is only slightly higher than
[C] þ [VIII]. At higher Si doping levels (H4 and H5) [VIII]  [C], cat-
ion vacancies and C contribute equally to the electrical compensation.
However, in these samples, [Si] is significantly higher than [C]
þ [VIII], resulting in a low-resistivity material. In the L series with a
low C content (2 1017 cm3), [Si] [C] for all the samples and the
VIII concentration exceeds 5 1018 cm3 for the entire sample series.
Interestingly, the electrical resistivity remains low up to a Si concentra-
tion of about 5 1018 cm3 (samples L1–L3) and then strongly
increases with a further increase in the Si concentration. Note that the
lowest resistivity of all the studied samples is found in L2 even though
the Si concentration is only 30% of that in the sample H5 (lowest resis-
tivity of the H series). The results from samples L1–L3 imply that the
cation vacancies are not involved in the electrical compensation and
that they are part of neutral complexes that do not involve Si since it
would be compensated. Interestingly, this is opposite to what has been
suggested in AlN.28 As the positron data are in saturation to the vacan-
cies in these samples, we cannot exclude the possibility that a fraction
of the cation vacancies are in the negative charge state. However, this
fraction must be low as the electrical characteristics imply that the total
acceptor concentrations in samples L1–L3 need to be an order of mag-
nitude lower than in samples H1–H3.
The singular behavior of sample L5 in the (S, W) plot of Fig. 2
provides a potential explanation for the sudden increase in electrical
compensation in samples L4 and L5 where the Si concentration is
above 5 1018 cm3. Fitting the temperature-dependent trapping
model for L5 results in a neutral vacancy and negative ion concentra-
tions >5 1018 cm3 (for both). Note that the negative ion concen-
tration in L5 is higher than that of any of the negatively charged
defects in the H series samples, even when added together. Si in the
negative DX configuration would explain this result as Si is the only
impurity with a sufficient concentration. Si DX centers are predicted
to exist only in AlN29 and have been experimentally observed in
AlGaN at Al fractions as low as 80%.6,7 We suggest that the electrical
compensation emerging at a high Si concentrations in the L series is
dominated by this phenomenon. The positron data suggest the pres-
ence of this effect also in sample L4 but much less pronounced. The
fact that the room temperature data in sample L5 strongly resemble
AlN suggests that the Si DX centers are mainly formed in naturally
occurring Al-rich regions of the AlGaN alloy. Further studies are
required for a detailed quantitative analysis. Interestingly, the high tem-
perature data in sample L5 also resemble AlN (VA1), suggesting that
the high Si content may cause the cation vacancies to form preferen-
tially in the Al-rich regions as well. Note that VN are predicted to
exhibit a negative charge state at the Fermi level close to the conduction
band in AlN and could, in principle, act as negative ions,11 but their
formation enthalpy is high, especially in N-rich growth conditions. The
L series is grown at a high V/III ratio, and hence it is likely that the neu-
tral VIII complexes in the L series do not involve VN either. It should
also be noted that considering thermodynamics-driven formation of
point defects is appropriate in these samples, as our data show that (i)
cation vacancy concentrations increase with Si doping (Fermi level) in
the H series samples and (ii) the overall cation vacancy concentrations
are lower in H series (low V/III ratio) than in L series (high V/III ratio).
Finally, we note that in Fig. 2, the point describing the lattice of
the AlGaN alloy is closer to GaN than could be expected assuming lin-
ear interpolation (“Vegard’s law”) in AlGaN with a 90% Al content.
Some preference to GaN-like over AlN-like behavior is expected as Ga
has 10 3d electrons as the outermost core and Al has 6 2p electrons in
the wurtzite lattice. In addition, the positron affinity30 of GaN is
slightly higher than that of AlN, suggesting that Ga-rich regions in the
alloy could be more attractive to positrons similar to that observed in
InGaN.31 Furthermore, the vacancy point (samples H5, L1–L3) is
clearly closer to VGa than VA1. Theoretical calculations predict that the
formation enthalpy VGa in GaN is lower (by 1–2 eV) than VA1 in
AlN,9,11 which suggests that cation vacancies could strongly prefer
Ga-rich regions in the alloy. The atomic configuration of the second
nearest neighbor shell for the VIII has been shown to be sufficient to
produce an effect of this magnitude in InGaN.31 The statistical proba-
bility of a cation (vacancy) site having Ga atoms in more than half of
its second nearest neighbor positions in a random AlGaN alloy with
90% Al is less than 5 105, corresponding to a site density of only
2:5 1018 cm3. It is tempting to interpret that the point defect for-
mation affects the atomic level details of the alloy distribution.
In summary, we have used positron annihilation spectroscopy to
study in-grown VIII cation vacancies in Si-doped Al0.90Ga0.10N alloys
grown by MOVPE. We show that the cation vacancy defects caused
by the increase in the Fermi level due to the Si doping become impor-
tant compensating centers at doping levels approaching 1019 cm3 in
material with a high C content (grown at a low V/III ratio).
Interestingly, the cation vacancy defects that are present at relatively
high concentrations do not appear to play a role in the compensation
in material with a low C content (grown at a high V/III ratio). Instead,
at the highest Si doping levels above 1019 cm3, Si DX center forma-
tion appears to be the dominant compensation mechanism.
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